Phytophthora sojae is a devastating pathogen that causes soybean Phytophthora root rot. This study reports the development of a loop-mediated isothermal amplification (LAMP) assay targeting the A3aPro element for visual detection of P. sojae. The A3aPro-LAMP assay efficiently amplified the target element in < 80 min at 64°C and was evaluated for specificity and sensitivity. The specificity was evaluated against P. sojae, Phytophthora spp., Pythium spp., and true fungi isolates. Magnesium pyrophosphate resulting from the LAMP of P. sojae could be detected by real-time measurement of turbidity. Phytophthora sojae DNA products were visualized as a ladder-like banding pattern on 2% gel electrophoresis. A positive colour (sky blue) was only observed in the presence of P. sojae with the addition of hydroxynaphthol blue prior to amplification, whereas none of other isolates showed a colour change. The detection limit of the A3aPro-specific LAMP assay for P. sojae was 10 pg lL À1 of genomic DNA per reaction. The assay also detected P. sojae from diseased soybean tissues and residues. These results suggest that the A3aPro-LAMP assay reported here can be used for the visual detection of P. sojae in plants and production fields.
Introduction
The oomycetes pathogen Phytophthora sojae is currently one of the most devastating soybean (Glycine max) pathogens, causing 'damping off' in seedlings and root rot in older plants, with an annual worldwide loss of US $1-2 billion (Wrather et al., 2001) . Since its identification around 1950 in Indiana and Ohio (Kaufmann & Gerdemann, 1957) , P. sojae has become widespread in many soybean-producing countries (Schmitthenner, 1985; Erwin et al., 1996) . Recently, this disease has caused serious soybean losses in Heilongjiang province in China (Zhu et al., 2000) . Although P. sojae is a quarantine pathogen in China, more than 50 million tons of soybeans are imported into China annually. With the increasing amount of soybean traded with different countries, rapid detection of P. sojae in the soil carried with the transported soybeans is important not only for soybean trade between China and other countries but also for controlling the spread of P. sojae within China. Suitable detection methods using a rapid, cost-effective and efficient assay are required for the control of this pathogen. In particular, rapid methods that can be performed in the field, minimizing the delay between sampling and diagnosis, could reduce the spread of this pathogen.
The most common method for rapid detection of P. sojae, which is found globally, was developed based on conventional polymerase chain reaction (PCR) (Wang et al., 2006) . However, this method might not be suitable for developing countries because of the high-tech equipment required, elaborate and complicated assay procedures, expensive reagents, time requirements, and the frequency of false-positives. Therefore, there is a growing demand for simple and economical molecular tests. In this study, we developed an alternative amplification method that can be used in the field to detect P. sojae in the absence of a thermal cycler.
Loop-mediated isothermal amplification (LAMP) of DNA is a novel technique that uses a set of four or six primers and the strand displacement activity of Bst DNA polymerase to amplify DNA with high specificity under isothermal conditions (Notomi et al., 2000) . LAMP products can be monitored by measuring the increased turbidity (due to the production of large amounts of magnesium pyrophosphate) in real time, and visualized by gel electrophoresis or by adding hydroxynaphthol blue (HNB) prior to amplification (Ma et al., 2010) . The simplicity of the LAMP method, which does not require a thermal cycler, makes it suitable for field testing. Although this method has been applied in the field of microbiology for detection and identification of bacteria (Pan et al., 2011) , viruses (Parida et al., 2004) and fungi (Niessen & Vogel, 2010) , the technique has not been applied to P. sojae.
LAMP is simple once the appropriate primers have been designed based on the target gene (Notomi et al., 2000) . PCR-based and quantitative real-time PCR-based methods for the detection of P. sojae have been described based on ribosomal gene sequences (Wang et al., 2006) . However, rRNA gene sequences from closely related species are highly conserved, limiting the development of species-specific detection primers. As a result, a new target with high specificity and efficiency is required to distinguish between closely related species for rapid detection of P. sojae. With the development of Phytophthora genomics and numerous molecular targets, the identification efficiency of Phytophthora species has increased significantly. We identified a new P. sojae identifiable target, named. A3aPro is a 300-bp deletion element in the upstream (1.5 kb in the promoter region) of the avirulence gene Avr3a in P. sojae Race 7, as compared with Race 2 and 12 (Supporting Information, Fig.  S1 ). Further bioinformatics analysis showed it is a transposon-like element whose high-identity copies were commonly distributed in the sequenced P. sojae genome but absent in non-P. sojae species. We acquired the A3aPro sequence in the P. sojae genome database Joint Genome Institute (JGI) (http://www.jgi.doe.gov/) (Position: scaffold_80:317485-317760) and the entire A3aPro sequence from P. sojae was submitted to GenBank (accession no. JX118829). Thus, based on the A3aPro sequencing information, we have identified a novel transposon-like DNA element A3aPro in many Phytophthora genomes that could provide a potential target for plant disease diagnosis.
In this study, we developed a LAMP assay for P. sojae based on a special identifiable target A3aPro and demonstrated that it was specific and efficient.
Materials and methods

Source of strains
Phytophthora sojae isolates were obtained from diseased soybean stems collected from various provinces in China from 2002 to 2011. All tested P. sojae isolates were isolated using a leaf disk-baiting method from diseased soybean plots (Jinhuo & Anderson, 1998) . Using the same method, additional P. sojae isolates were baited from soybean residues and soil carried by soybeans imported from the USA, Brazil, Argentina and Canada. Thirteen known races (R2, R3, R6, R7, R8, R12, R14, R17, R19, R20, R28, R31, and P7071) of P. sojae were provided by B. Tyler and J. Peng. The P. sojae isolates, as well as isolates of Phytophthora spp., Pythium spp., Fusarium spp., and various other pathogens used in this study, are maintained in a collection in the Department of Plant Pathology, Nanjing Agricultural University, China, and are listed in Table S1 .
Culture conditions and DNA extraction
Phytophthora isolates were cultured in tomato juice medium (Zheng, 1995) 
, 200 mL tomato juice, 0.1 g CaCO 3 and 15 g agar mixed with sterile distilled water, and autoclaved at 120°C for 20 min). Mycelia of each Phytophthora and Pythium isolate were obtained by growing the isolates in tomato juice broth at 18-25°C (temperature-dependent isolates) for at least 3 days. Mycelia of the other fungi were grown in potato dextrose broth (Erwin et al., 1996) . The mycelia were harvested by filtration and frozen at À20°C. Mycelia DNA was isolated using the DNAsecure Plant Kit (TIANGEN) according to the manufacturer's protocol. DNA concentrations were determined spectrophotometrically or by quantitation on 1% agarose gels stained with ethidium bromide in comparison with commercially obtained standards and stored at À20°C.
LAMP primer design
A set of four species-specific LAMP primers was designed based on the P. sojae identifiable target A3aPro. Briefly, using the A3aPro sequence of P. sojae as a bait to do a BLASTN search did not showed any similarity with other sequenced strains of Phytophthora infestans, Phytophthora ramorum and Hylaperonospora parasitica. Then we obtained similar-A3aPro sequences in the genome databases for P. infestans, P. ramorum and H. parasitica. Phytophthora infestans DNA sequence was available from the Broad Institute (http://www.broad.mit.edu/) (Position: supercontig_1.1849:1900-2350); P. ramorum DNA sequence was available from the JGI (http://www.jgi.doe.gov/) (Position: scaffold_1220:1-342); H. parasitica genome sequence was available from http://vmd.vbi.vt.edu/ (Position: contig159:13356-13809). In this way, specific primers based on the A3aPro sequence alignment were designed for LAMP detection of P. sojae (Fig. 1b) . The LAMP primers were designed using the PRIMEREXPLORER V4 software program (http://venus.netlaboratory.com/ partner/lamp/index.html). The structure of the LAMP primers and their complementarity to target DNA used in this study are shown in Fig. 1a . A forward inner primer (FIP) consisted of the complementary sequence of F1 (F1c) and F2, and a backward inner primer (BIP) consisted of B1c and B2. The outer primers F3 and B3 are required for initiation of the LAMP reaction. The sequences of each primer are shown in Table 1 .
LAMP reaction
LAMP reaction by Eiken
The LAMP assay was performed at a final reaction volume of 25 lL with a Loopamp DNA amplification kit (Eiken Chemical, Tokyo, Japan). The 25-lL reaction mixture contained 1.6 lM each of FIP and BIP, 0.2 lM each of F3 and B3, 12.5 lL 29 reaction mix, 1 lL Bst DNA polymerase enzyme mix, and 2 lL DNA sample. The reaction mixture was incubated at 64°C for 80 min in a Loopamp Realtime Turbidimeter LA-320C (Eiken Chemical Co., Ltd, Japan). Real-time monitoring of P. sojae genome amplification was performed by recording the optical density (OD) at 650 mm every 6 s using the Loopamp Real-time Turbidimeter. A positive reaction was defined as a threshold value of > 0.1 within 80 min. Analysis of each sample was performed at least three times.
LAMP reaction by self-trial
Optimization of LAMP was performed by adding a visualization indicator, HNB (Sigma-Aldrich, St. Louis, MO) prior to amplification. A range of concentrations ) (New England BioLabs), plus different incubation times (30-90 min), were evaluated to optimize the reaction conditions. Optimal conditions were selected based on the amount of product as assessed by 2% agarose gel electrophoresis (data not shown). The final LAMP reaction was performed in 25 lL comprising 1.6 lM each of FIP and BIP, 0.2 lM each of F3 and B3, 0.8 M betaine, 1.4 mM dNTPs, 20 mM TrisHCl (pH 8.8), 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 6 mM MgSO 4 , 0.1% Triton X-100, 8 U Bst DNA polymerase, 180 mM HNB, and 2 lL target DNA. The reactions were performed in 0.2-mL microtubes in a water bath for temperature control. The mixture was incubated at 64°C for 80 min. A positive control (a sample known to be positive for the template) and a negative control (a sample to which no template was added) were included in each run. Analysis of each sample was performed at least three times.
Detection of LAMP product
Three methods were used to analyze DNA amplification, including real-time measurement of turbidity (LA-320C), electrophoresis in 2% agarose gels stained with ethidium bromide, and direct visual inspection of the LAMP product with HNB by the naked eye. These approaches were used to confirm that the LAMP test amplified the correct target.
Results
LAMP specificity test
A total of 111 P. sojae isolates, several other Phytophthora spp., Pythium spp., and isolates of true fungi were used to test the specificity of the LAMP assay. As shown in Figs 2a and 3a, the LAMP reactions by Eiken were monitored by real-time turbidity detection. Positive reactions were observed in all P. sojae isolates, whereas Phytophthora spp., Pythium spp., or isolates of true fungi did not show increases in turbidity. Meanwhile, using the LAMP reaction by self-trial with HNB, the specificity of the LAMP reaction was also confirmed by electrophoresis in 2% agarose gels stained with ethidium bromide and direct visual inspection of the LAMP products with HNB. As expected, the typical ladder-like pattern on 2% gel electrophoresis was observed in all isolates of P. sojae but not in the negative controls (Fig. 2b) . PCR products from the HNB reaction with the other Phytophthora spp., Pythium spp., and isolates of true fungi were also electrophoresed (data not shown). Based on visual detection with HNB, positive or negative results were easily determined. All positive samples appeared sky blue, whereas the negative controls remained violet (Figs 2c and 3b ). The LAMP reaction by self-trial had the same results as the reaction by Eiken. At least six replicates were tested to assess the specificity of the LAMP reaction.
Determination of LAMP assay sensitivity
To determine the detection limit of the LAMP assay with the A3aPro primers, assays were performed using serial 10-fold dilutions (from 100 ng to 10 fg) of pure P. sojae DNA. As shown in Fig. 4a , the LAMP reactions by Eiken were monitored by real-time turbidity detection; the decreasing concentrations of DNA were shown from left to right and the minimum detection concentration required for the LAMP assay was 10 pg lL À1 genomic P. sojae P6497 DNA. Using the LAMP reaction by selftrial, the detection limits of the assays were confirmed by electrophoresis in 2% agarose gels stained with ethidium bromide and direct visual inspection of the LAMP product with HNB. The positive reaction by electrophoresis was seen as a ladder-like pattern after 2% agarose gel electrophoresis analysis (Fig. 4b) , and the positive reaction by HNB was indicated by a colour change from violet to sky blue (Fig. 4c) . The detection limits of the two assays and turbidity detection were 10 pg lL
À1
. We also tested the sensitivity of other P. sojae strains (R7, R17, R19); the results showed that they had the same sensitivity (data not shown). At least six replicates of each dilution were evaluated to assess the sensitivity of the LAMP reaction.
Evaluation of the LAMP assay using soybean tissues and residues
To evaluate the LAMP assay for detection of P. sojae, 130 diseased soybean tissues and residues collected from different areas of Heilongjiang province in 2011 were tested by the LAMP assay and PCR, as previously described (Wang et al., 2006) . Isolation of P. sojae from these samples was also performed using a leaf disk-baiting method (Jinhuo & Anderson, 1998) . The positive-sample ratios were 61/130 (46.9%) by conventional PCR, 71/130 (54.6%) by the LAMP assay, and 50/130 (38.4%) by the baiting method (Table 2 ). The A3apro-LAMP assay reported here may therefore be used for visual detection of P. sojae in plants and production fields.
Discussion
To the best of our knowledge, this is the first report on the application of the LAMP assay for the rapid and specific detection of P. sojae. Compared with conventional PCR, the LAMP assay reported here has the advantages of simple detection and rapid assay time (< 80 min). A thermal cycler is not required because there is no heat denaturation step, and a regular laboratory water bath or a heating block that can provide a constant temperature (60-65°C) can be used. In this study, we developed a LAMP assay for P. sojae based on a special identifiable target A3aPro A3aPro sequences stand for Avr3a Promoter transposon-like fragment, specific sequences found in the P. sojae (Race 2 and some other strains) avirulent effector Avr3a promoter region. Although there is copy number variation for Avr3a among P. sojae strains, different P. sojae strains may have one or four copies of Avr3a (Qutob et al., 2009) . However, all known P. sojae strains apparently have at least one copy of Avr3a. The differences in copy number of Avr3a may not impact the utility of using the A3aPro element as a target for detection because there are so many copies of A3aPro in the genome.
Our A3apro-LAMP method uses four primers: F3, B3, FIP, and BIP. LAMP enables the synthesis of larger amounts of both DNA and a visible by-product, namely, magnesium pyrophosphate. The turbidity caused by the accumulation of magnesium pyrophosphate precipitate can be measured by recording the OD at 650 mm every 6 s using the Loopamp Real-time Turbidimeter LA320C (Mori et al., 2004) . As shown in Figs 2a and 3a , the LAMP reaction by Eiken correctly detected P. sojae strains. Non-specific LAMP products were not obtained from other Phytophthora spp., Pythium spp., Fusarium spp., or various other pathogens. Although the reaction time was set at 80 min, the LAMP assay was markedly faster, requiring < 60 min for amplification from P. sojae strains using an LA-320C turbidimeter. Technical equipment (LA-320C) to measure the turbidity is available but would complicate this simple technology and limit its use, especially in developing countries. Detection of turbidity by the naked eye is the simplest for judging a positive or negative reaction, although this method A positive reaction was observed in all P. sojae isolates, whereas the negative controls showed no increase in turbidity. (b) Electrophoresis (2%) applied to loop-mediated amplification products from different P. sojae strains. The positive reaction was seen as a ladder-like pattern on 2% agarose gel electrophoresis analysis. M, DL 100-bp DNA marker. (c) The specificity of LAMP for P. sojae detection by HNB. A sky blue colour was observed using the naked eye in the tube which contained P. sojae, whereas the negative controls remained violet after the reaction.
(a) (b) -320C) . Positive reaction was observed in P. sojae, whereas none of other Phytophthora spp., Pythium spp., or isolates of true fungi showed turbidity increases. (b) The specificity of LAMP for P. sojae detection by HNB. Sky blue colour was observed using the naked eye in the tube which contained P. sojae, whereas others remained violet after the reaction.
(a) (b) (c) Fig. 4 . Sensitivity of the A3aPro-LAMP method using serially diluted genomic DNA (from 100 ng to 10 fg) with Phytophthora sojae isolate P6497 as template. The detection limit for the assay was 10 pg lL requires training. Several other DNA intercalating dyes such as SYBR green (Parida et al., 2005) or Picogreen (Curtis et al., 2008) can added after a reaction is completed. However, use of these intercalating dyes increased the rates of contamination because the tubes were opened. To avoid such contamination, a visualization indicator (HNB) prior to amplification is used in the A3apro-LAMP assay. For HNB visual detection, optimization of LAMP conditions was evaluated for self-trial by adding HNB prior to amplification. Pre-addition of 180 lM HNB to the LAMP reaction solution did not inhibit amplification efficiency. A positive reaction was indicated by a colour change from violet to sky blue (Figs 2c, 3b and 4c) . The LAMP reaction with HNB could also be performed in a 96-well microplate (Goto et al., 2009) and would be helpful for high-throughput DNA detection. Meanwhile, the positive reactions by selftrial were seen as a ladder-like pattern on 2% agarose gel electrophoresis analysis, verifying the results of the visual detection with HNB (Figs 2b and 4b) . The detection limit of P. sojae using the three methods was 10 pg lL À1 (Fig. 4) . This is in accordance with two reports on LAMP methods used to detect Phytophthora spp. (Tomlinson et al., 2007 (Tomlinson et al., , 2010 .
Moreover, it has been reported that the LAMP reaction might be facilitated by the addition of loop forward and backward primers (Nagamine et al., 2002) . In the present study, we could not identify a suitable loop forward primer, so we only used the loop backward primer to accelerate the reaction (Table 1 ). This improved the reaction time by approximately 10-fold (data not shown).
In the field trial, we collected 130 diseased soybean tissues and residues. All samples were inspected by LAMP, PCR, and a leaf disk-baiting method for comparison (Table 2) . Compared with the other methods, the newly developed A3aPro-LAMP significantly improved the detection efficiency.
Thus, the A3aPro-LAMP assay developed in this study can be used for the rapid diagnosis of P. sojae in plants and in production fields. This, in turn, could make it possible to control the dispersion of P. sojae and increase Phytophthora-free soybean production.
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